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Strong phase-change magnetoelectric responses have been anticipated by a first-principles
investigation of phases in the perovskite BiFeO3-BiCoO3 solid solution, specifically at the
morphotropic phase boundary (MPB) between the multiferroic rhombohedral and tetragonal
polymorphs. This might be a general property of multiferroic MPBs and a novel promising
approach for room temperature magnetoelectricity, which requires the identification of
suitable material systems. We present here a comprehensive description of the electrical and
electromechanical properties across one such system; the perovskite BiFeO3-PbTiO3 solid
solution. All the temperature dependence of dielectric permittivity, ferroelectric hysteresis loops,
and piezoelectric coefficients have been obtained, and are discussed in relation to the previously
reported perovskite structural evolution. Results show ceramic materials to be very promising for
ferroelectric random access memories (remnant polarization as high as 63 lC cm2 with a
comparatively low coercive field of 4.5 kV mm1 for MPB compositions) and high temperature
electromechanical transduction (crystal piezoelectric coefficient of 87 pCN1 with a Curie
temperature above 873K). Moreover, the occurrence of phase changes between the monoclinic
and tetragonal polymorphs under high electric fields is indicated, while the canted
antiferromagnetic character of the phases involved is corroborated. VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4868319]
I. INTRODUCTION
The perovskite BiFeO3-PbTiO3 solid solution currently
attracts a great deal of attention in terms of both applications
and fundamental issues. BiFeO3 is the most topical multifer-
roic material,1 for it is perhaps the only compound that
shows magnetic ordering and proper ferroelectricity at room
temperature.2 This compound is a ferroelectric perovskite
oxide with a transition temperature of 1100K,2,3 a rhombo-
hedral structure with space group R3c,4 and a room tempera-
ture (RT) spontaneous polarization exceeding 100 lC cm2.5
This latter figure makes the compound extremely interesting
for high density ferroelectric random access memories.6,7
However, conductivity is an issue, and coercive field is very
high. Applicability thus, requires a stringent control of the
defect chemistry, usually addressed by chemical modifica-
tion that can be tailored to also decrease the coercive field.
Besides, the oxide is a G-type antiferromagnet with an order-
ing temperature of 643K.8 Crystal magnetoelectric coupling
exists, and results in spin canting but also in a long range
incommensurate cycloid superstructure.9,10 Weak ferromag-
netism is only obtained when the latter spin cycloid is
destroyed by epitaxial strain (Ms 0.6 emu g1 for 200 nm
thick, h111i-oriented films),11 as a size effect
(Ms 1 emu g1 for 14 nm diameter particles)12 or by doping
(Ms¼ 1.2 emu g1 for Bi0.7Ba0.3FeO3 ceramic materials).13
The perovskite structural evolution across the x
BiFeO3-(1-x) PbTiO3 solid solution has been extensively stud-
ied over the last years. Coexistence of rhombohedral R3c and
tetragonal P4mm polymorphs has been reported across a com-
position range that can be as wide as 0.8 x 0.6,14,15 but
that narrows down to 0.73> x> 0.69 for chemically
homogeneous and stoichiometric ceramic samples.16 These
coexisting polymorphic phases would be then isostructural
with the edge ferroelectric oxides of the binary system, and a
ferroelectric morphotropic phase boundary (MPB), similarly to
those described for Pb(Zr,Ti)O3, Pb(Mg1/3Nb2/3)O3- PbTiO3,
or Pb(Zn1/3Nb2/3)O3-PbTiO3 might exist in the solid solution.
Very high piezoelectric response has been found at these
MPBs, and associated with the existence of intermediate,
bridging polymorphs.17 Evidences of an intermediate MPB
phase for BiFeO3-PbTiO3 were first provided by electron
diffraction,18 and latest Rietveld refinements of X-ray diffrac-
tion data have shown it to be monoclinic Cc, and to extend up
x ¼ 0.9.19
A number of reports have addressed the magnetic prop-
erties. The antiferromagnetic ordering temperature of the
rhombohedral (actually monoclinic for x< 0.9) phase was
followed by superconducting quantum interference device
(SQUID) magnetometry, and found to decrease from 630K
for x ¼ 1 down to 520K for x ¼ 0.72.15 G-type antiferro-
magnetism and a Neel temperature of 592K were obtained in
an independent neutron diffraction study of x ¼ 0.9.20 At the
MPB region, the coexisting monoclinic and tetragonal poly-
morphs have well differentiated antiferromagnetic order and
Neel temperature,21 the latter being below room temperature
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for the tetragonal phase.22 Monoclinic materials also present
a second magnetic anomaly in their susceptibility below the
ordering temperature,15 which has been associated with a
spin reorientation transition.23 This scenario opens the door
to significant magnetoelectric effects associated with electric
field induced phase transitions between the perovskite poly-
morphs, as those anticipated for BiFeO3-BiCoO3.
24 Indeed, a
very high phase-change electromechanical response was
recently reported for MPB BiFeO3-PbTiO3.
25
Unfortunately, reports on the electrical properties across
the solid solution are scarce, most probably because conduc-
tivity often prevented reliable data to be obtained.26 A previ-
ous study was only focused on x ¼ 0.7, and reported the
temperature dependence of permittivity at 100 kHz and
1MHz.27 A Curie temperature of 923K was established, yet
thermal hysteresis was not addressed. A maximum relative
permittivity in excess of 10 000 was found at the transition.
Besides, pinched ferroelectric loops were obtained. Columnar
films on Pt/Si substrates with x ¼ 0.4 have also been prepared
by pulsed laser deposition, and showed a remnant polariza-
tion of 50lCcm2 and a coercive field of 23 kV mm1.28
We report here an in-depth study of the electrical and
electromechanical properties along the perovskite BiFeO3-
PbTiO3 solid solution, across its multiferroic phase boundary
and entering the tetragonal field of the phase diagram.
Emphasis is put on describing the evolution of properties in
relation to the previously reported structural one, and on dis-
cussing the relevance of the possible underneath mechanisms
like domain wall movements, lattice transverse softening, and
phase-change phenomena.
II. EXPERIMENTAL
The description of the electrical properties across the x
BiFeO3-(1x) PbTiO3 system was only possible after the proc-
essing of high-quality ceramic materials for all compositions.
This was especially challenging in the case of perovskite tet-
ragonal single phases close to the MPB region, such as x ¼ 0.6
that presented a tetragonal distortion as high as1.165.16,29
Perovskite phase nanocrystalline powders were obtained
by mechanosynthesis in a high energy planetary mill. This is
a powerful means of preparing nanoscale perovskite oxides,
which allows most of the multiferroic compounds under
focus, even high pressure phases, to be obtained.30,31 In the
case of BiFeO3-PbTiO3, single phase powders were synthe-
sized all across the system as explained elsewhere.29 Dense
ceramics were processed by hot pressing of the nanocrystal-
line powder down to x ¼ 0.675. A stringent control of the
preparation conditions was required to obtain high-quality ce-
ramic materials, suitable for electrical characterization. The
electrical properties here reported correspond to materials
that showed tailored conduction related phenomena (and also
enhanced dielectric breakdown resistance), which happened
to be those with grain size between 0.5 and 1lm. A summary
of the preparation conditions is provided in Table I.
In the case of x ¼ 0.6, materials could not be processed
by hot pressing, for ceramic disintegration took place during
cooling, most probably associated with the ferroelectric tran-
sition and the development of the very large tetragonal
strain. Dense ceramics of this specific composition were thus
processed by spark plasma sintering (SPS) of the nanocrys-
talline powder, followed by a second thermal treatment in air
to trigger grain growth up to the submicron range. A micro-
structure comparable to those of hot pressed materials was
achieved. Specific conditions are also given in the table.
Materials presented the anticipated perovskite structural
evolution with decreasing x, as monitored with X-ray dif-
fraction (XRD). Measurements were carried out with a
Siemens D500 powder diffractometer with CuKa radiation
between 15 and 55 (2h) with a 0.05 (2h) step and 5 s
counting time. Patterns for selected powdered samples across
the MPB are shown in Fig. 1. Note the evolution from the
TABLE I. Processing conditions, either hot pressing (HP) or SPS at pressure PSint and temperature TSint for the different x BiFeO3-(1x) PbTiO3 ceramic
materials. A postsintering treatment in air at temperature TPost-an was carried out for SPS materials. Remnant polarization PR, coercive field EC, Curie tempera-
ture on heating TC
h, and room temperature e33 dielectric permittivity and d33 piezoelectric coefficient for the materials. *Saturation not attained.
x Sint. PSint (MPa) TSint (K) TPost-an (K) PR (lC cm
2) EC (kV mm
1) TC
h (K) e33 (xeo) d33 (pC N
1)
1 HP 60 1053 … 12* 7.2* 1105 48 -
0.9 HP 60 1123 … 46 12 1048 95 30
0.8 HP 60 1123 … 45 8 969 139 26
0.7 HP 60 1223 … 36 5 894 265 40
0.675 HP 60 1223 … 63 4.5 914 335 87
0.6 SPS 1000 673 1073 … … 877 50 …
FIG. 1. XRD patterns for x BiFeO3-(1x) PbTiO3 samples across the MPB.
Selected peaks of the tetragonal (T) and pseudo-rhombohedral (psR) poly-
morphic phases are labeled with their Miller indexes.
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pseudo-rhombohedral (monoclinic according to literature)
phase to the tetragonal one through a region of coexistence.
Electrical properties were characterized on thinned;
down to 0.5mm thickness ceramic discs, on which Au elec-
trodes were painted and sintered at 1073K. Real and imagi-
nary components of the permittivity were obtained from
capacitance and loss tangent measurements, carried out with
a HP4284A precision LCR meter. This was done in two tem-
perature ranges; from RT to 1073K (1123K in the only case
of BiFeO3), and from 77 to 773K during heating/cooling
cycles with 61.5 C min1 rate, at several frequencies
between 100Hz and 1MHz. A Cryostat Janis VPF 700
coupled to a temperature controller Lakeshore 331 and vac-
uum conditions were used in the latter case.
Room temperature, high electric field electrical proper-
ties were also studied. Low frequency (0.01, 0.1, and 1Hz)
voltage sine waves were applied with amplitudes up to
10 kV by the combination of a synthesizer/function generator
(HP 3325B) and a high voltage amplifier (TREK model
10/40), and charge was measured with a homebuilt charge to
voltage converter and software for loop acquisition and anal-
ysis. Results are presented at 0.1Hz (a trade-off between
approaching saturation and minimizing non-ferroelectric
contributions) both before and after compensation for sub-
tracting the linear polarization and conduction contributions,
evaluated from the current response at very low fields,
assuming a resistance and a capacitance in parallel.
Poling could only be accomplished at room temperature
and under high-field and very-low frequency (0.01Hz) sine
waves, for static fields applied during prolonged times
resulted in the electrical breakdown of samples. This was
done by increasing the amplitude in steps up to the maximum
field attained during loop measurements, maintaining the
sample for 5 cycles at maximum field, and removing the field
just before completing the fifth one. Samples were then
allowed to relax for 1 h, after which the linear d33 piezoelec-
tric charge was measured with a Berlincourt-type piezometer.
Finally, the magnetic properties of selected composi-
tions at the MPB region were characterized with a Quantum
Design MPMS-XL5 SQUID magnetometer. Magnetization
was measured between 2 and 400K after zero field cooling
(ZFC) and during subsequent field cooling (FC) under an
applied field of 500Oe, and as a function of magnetic field at
room temperature.
III. RESULTS
Results are presented and preliminarily discussed in three
sections. BiFeO3 is separately treated because measurements
posed distinctive challenges, associated with the high transi-
tion temperature next to the perovskite decomposition one.
BiFeO3-PbTiO3 ceramic materials processed by hot pressing
are addressed in a second section. These are materials either
rhombohedral/monoclinic single phase, or at the morphotropic
phase boundary, but that could withstand the ceramic stresses
developed during thermal cycling across the ferroelectric tran-
sition. Finally, results for ceramics of compositions at the tet-
ragonal side of the MPB, which showed very large perovskite
distortion, and could only be processed by spark plasma
sintering are given. Unlike the previous materials, mechanical
strength was an issue during the high-field electrical measure-
ments due to microcracking and dielectric breakdown.
A. BiFeO3 ceramics
The temperature dependence of the real permittivity,
measured during heating from 77K up to 773K is shown in
Fig. 2(a). Note the presence of a step-like increase of permit-
tivity at temperatures above RT, whose height and position
decreases and shifts to high temperatures, respectively, with
frequency. This is the typical behavior of a Maxwell-Wagner
type relaxation, which is associated with the existence of sig-
nificant, but inhomogeneous electrical conduction in the ma-
terial. In the case of ceramics, this is thought to be related to
grain boundaries having resistivity higher than that of the
grain interior. Maxwell-Wagner type effects are thus found,
consistently with previous reports, and set in close to RT for
the ceramic samples here studied. Below this threshold, dis-
persion is negligible within the frequency range investigated,
and a permittivity value of only 40 is obtained at 77K, which
increases up to 48 at RT. These figures can be compared
with crystal (free of domain wall contributions) values
obtained by infrared reflectivity and time domain THz trans-
mission spectroscopy for ceramics.32 A low temperature
FIG. 2. Temperature dependence of the real dielectric permittivity of a
BiFeO3 ceramic at several frequencies, as measured (a) during heating from
77 to 773K, and (b) during a thermal cycle between RT and 1123K.
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static permittivity of 25 was reported that increased up to 30
at room temperature. The difference might be associated
with domain wall contributions, but also to the specific
defect configuration. It is worth noting that Maxwell-Wagner
type relaxations in the samples of Ref. 32 are already domi-
nating the dielectric response at only 200K.
The real permittivity at high temperatures is separately
shown in Fig. 2(b). Results during a heating/cooling cycle are
presented in this case to illustrate the thermal hysteresis. Note
the exponential increase with temperature, and the large fre-
quency dispersion. This clearly indicates the response to be
dominated by electrical conduction in this temperature range.
Mechanism is thought to be electron hopping between Fe3þ
and Fe2þ (FeFe
x and FeFe
0 in Kr€oger–Vink notation) cations
with typical activation energies of a few tenths of eV.
Reduction results from the formation of oxygen vacancies
during material preparation that also directly contribute to
conductivity at high enough temperature.33 In relation to the
thermal hysteresis, this points to the degradation of the sam-
ple resistivity during heating to high temperature, most prob-
ably associated with the triggering of the perovskite
decomposition, as confirmed by the appearance of secondary
phases after heating at 1123K for 15min.
Perovskite decomposition, yet an issue, does not prevent
the determination of the ferroelectric transition temperature
from the electrical measurements, as illustrated in Fig. 3(a),
where the temperature dependence above 773K of the real
permittivity at 1MHz is expanded. Note the presence of two
successive anomalies at 1086 and 1105K on heating that is
also observed on cooling, but at lower temperatures of 1084
and 1077K, clearer in the derivatives further expanded in the
inset. This seems to indicate the ferroelectric transition to be
preceded by a previous polymorphic transition. Indeed, dif-
ferential thermal analysis measurements have previously
shown the existence of an intermediate phase between the
ferroelectric rhombohedral phase and the high temperature
paraelectric orthorhombic one,3,34 an evolution that is here
confirmed with electrical measurements. This is also, as far
as we know, the first observation of the dielectric anomaly
associated with the ferroelectric transition for BiFeO3, which
was only possible after processing materials with tailored
conductivity and microstructure. All previous works reported
results for solid solutions, and extrapolated them to obtain the
transition temperature of the perovskite bismuth iron oxide.35
Ceramic samples also allowed high field characterization.
Room temperature, low frequency ferroelectric hysteresis
loops are shown in Fig. 3(b). As sintered ceramic samples
showed hardly ferroelectric switching with electric fields up
to 15 kV mm1. Strong domain-wall clamping that hinders
polarization reversal has been previously described for
BiFeO3 ceramics, and proposed to be associated with the pres-
ence of oxygen vacancies and dipolar defects like FeFe
0-VO€
complexes.36 Also, quenching from temperatures above the tran-
sition ones was demonstrated as an effective means of releasing
the walls, and enabling switching. This procedure was also suc-
cessfully used here, and results after quenching at increasing
temperatures are shown in the figure. A maximum remnant
polarization Pr of 12lCcm
2, and an apparent coecive field Ec
of 7.2 kV mm1 were obtained with 15kV mm1 after loop
compensation. This has to be compared with a remnant
polarization of 19lC cm2 and a coercive field of 6.3 kV
mm1 reported for the samples of Ref. 36. Differences are
most probably associated with different actual defect con-
centrations in the materials that can be related either to the
specific preparation or quenching conditions. Note anyway
that ferroelectric hysteresis loops are far from saturation in
both cases, for [010] crystals have a Pr of 60 lC cm
2.5
B. xBiFeO3 – (12x) PbTiO3 ceramics with 1> x 0.675
Conductivity was significantly decreased by the addition
of PbTiO3, as indicated by the shift of the Maxwell-Wagner
relaxation to higher temperatures, as well as by the appear-
ance of well defined dielectric anomalies at the temperatures
of the ferroelectric transitions. This is illustrated with the
real permittivity of x BiFeO3  (1-x) PbTiO3 with x ¼ 0.9
and 0.675 in Fig. 4, where measurements during the com-
plete thermal cycle are given. The inset shows the imaginary
permittivity, directly proportional to conductivity for four
compositions that reflects this diminution with x.
The temperature dependences of the real permittivity for
the same four compositions are compared in Fig. 5, as meas-
ured at 1MHz along the thermal cycle. Dielectric anomalies
FIG. 3. Electrical properties for BiFeO3 ceramics: (a) temperature depend-
ence of the real permittivity at 1MHz, as measured during a thermal cycle
across the ferroelectric transition (the derivative is also given and further
expanded in the inset), and (b) ferroelectric hysteresis loops before and after
quenching from increasing temperatures (non-compensated loops are given
but for the one recorded at the maximum field of 15 kV mm1).
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typical of first order ferroelectric transitions are found at
temperatures that decrease with x. The transition thermal
hysteresis also diminish from x ¼ 1 to 0.7, yet an anomalous
large value is found for x ¼ 0.675. Note that the transition
for this x value takes place on heating at a temperature
higher than that for x ¼ 0.7. This is the composition at the
core of the MPB, in which a significant fraction of tetragonal
phase coexists with the monoclinic one at room temperature.
Large differences in transition strain exist between the two
polymorphs.19 Enhanced hysteresis, thus, is most probably a
consequence of the different sequences of polymorphic tran-
sitions on heating and cooling, affected by the evolving ce-
ramic stresses, likely from the tetragonal phase on heating
and to the monoclinic one on cooling for x ¼ 0.675. This is
further complicated by the presence of a high temperature in-
termediate isostructural phase with reduced cell distortion
between the ferroelectric and paraelectric phases at the tet-
ragonal side of the phase diagram, which has associated
large negative volume expansion.37
A second remarkable issue is the small dielectric anom-
aly for x ¼ 0.9 as compared with compositions with smaller
x. This was consistently observed for a range of samples
processed at different conditions and thus, with varying
conductivity and microstructure, so it is an actual feature of
0.9 BiFeO3 – 0.1 PbTiO3. This composition has been shown
to be at the edge of the monoclinic Cc existence range.19 We
will come back to this point in Sec. IV.
FIG. 4. Temperature dependence of the real permittivity of x BiFeO3-(1x)
PbTiO3 ceramics with (a) x¼ 0.9, and (b) 0.675 at several frequencies, as
measured during a thermal cycle between RT and 1073K. The inset shows
the imaginary permittivity for x BiFeO3-(1x) PbTiO3 ceramics with
0.9 x 0.675 at 1MHz.
FIG. 5. Temperature dependence of the real permittivity for x
BiFeO3-(1x) PbTiO3 ceramics with 0.9 x 0.675 at 1MHz, as measured
during a thermal cycle between RT and 1073K.
FIG. 6. Ferroelectric hysteresis loops for x BiFeO3-(1x) PbTiO3 ceramics
with (a) x¼ 0.7 before and after quenching, and (b) 0.9 x 0.675 after
quenching. Only compensated loops are given in the latter case.
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As processed samples showed hardly ferroelectric
switching up to the electrical breakdown fields, as previ-
ously reported for 0.675 BiFeO3 – 0.325 PbTiO3.
25 Like the
BiFeO3 case, this was due to the domain wall clamping by
defects, proposed to be FeFe
0-VO€ complexes, and again
quenching from temperatures above the ferroelectric transi-
tion was an effective means of releasing the walls, as also
shown in Ref. 25 and illustrated in Fig. 6(a) for a different
composition (x ¼ 0.7). Saturation could be approached for
all materials with 0.9  x  0.675, certainly thanks to the
significant decrease of the coercive field with x. This can be
clearly seen in Fig. 6(b), where ferroelectric hysteresis
loops for the four compositions are compared after
compensation.
C. x BiFeO3 – (12x) PbTiO3 ceramics with x< 0.675
The temperature dependence of the real permittivity for
a x BiFeO3  (1x) PbTiO3 ceramic with x ¼ 0.6 is shown
in Fig. 7. Curves at several frequencies are only given on
heating for clarity, though the thermal hysteresis is included
as an inset for 1MHz. Note again the presence of the
Maxwell-Wagner type relaxation, and of the dielectric anom-
aly associated with the ferroelectric transition at 877K. Note
also the decrease of the thermal hysteresis in the tetragonal
field of the phase diagram after having reached very high
values at the MPB.
Ferroelectric characterization was challenging in this
compositional range. Once again, as processed samples
showed no ferroelectric switching up to the electrical break-
down, but this time quenching resulted in microcracking and
in significant leakage, which prevented saturation to be
approached. This phenomenology is also illustrated in the
figure where ferroelectric loops are given. Though an actual
value could not be obtained, results strongly suggested com-
positions at the tetragonal side of the MPB to have a very
high coercive field, even higher than that of BiFeO3.
IV. DISCUSSION
Though results have already been preliminarily dis-
cussed, a thorough discussion of the evolution of properties
across the solid solution, and of its relationship with the pre-
viously reported perovskite structural evolution has not been
done, and it is the objective of this section.
Results have allowed the ferroelectric transition temper-
atures to be determined from BiFeO3, along the perovskite x
BiFeO3 - (1x) PbTiO3 solid solution, and down to the tet-
ragonal field of the phase diagram. Values are given in Fig.
8(a). Note the continuous decrease with x across the rhombo-
hedral/monoclinic phases, from 1105K for x¼ 1 down to
894K for x¼ 0.7 (values on heating). Note also the disconti-
nuity at the MPB that most probably reflects the different
sequences of polymorphic transitions on heating and cooling
for x¼ 0.675, as discussed above. Back to the rhombohe-
dral/monoclinic field, no discontinuity can be seen at the
R3c-Cc boundary that must be around x¼ 0.9. However, it is
remarkable the evolution of the dielectric anomaly, basically
of its height from x¼ 0.9 to 0.8; permittivity only increases
from 700 to 2000 for x¼ 0.9 but raises from 830 to 6000
(and from 1600 to 9400) for x¼ 0.8 (and 0.7), as shown in
Fig. 5. This difference might be associated with this
FIG. 7. Temperature dependence of the real permittivity of a 0.6
BiFeO30.4 PbTiO3 ceramic at several frequencies, as measured during
heating. Thermal hysteresis at 1MHz is given in the inset at the bottom right
corner. The second inset at the top left corner shows a ferroelectric hystere-
sis loop measured after quenching, before and after its compensation.
FIG. 8. (a) Transition temperatures and (b) room temperature relative dielec-
tric permittivity for x BiFeO3-(1x) PbTiO3 ceramics across the multifer-
roic morphotropic phase boundary.
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boundary, so as x¼ 0.9 and 0.8 would be at the rhombohe-
dral and monoclinic side, respectively. Reasons are not clear
at this point, but note that the high temperature paraelectric
parent phase must change across the system, for it is ortho-
rhombic Pbnm in the case of BiFeO3, but cubic Pm3m at the
MPB.
Results have also allowed the actual room temperature
permittivity, free of conduction artifacts to be obtained along
the perovskite solid solution. Values at two frequencies
(1 kHz and 1MHz) are given in Fig. 8(b). Note the negligible
dispersion, which demonstrate values not to be affected by
the Maxwell-Wagner relaxation that is triggered at higher
temperatures. Most remarkable result is the existence of a
clear enhancement of polarizability at the morphotropic
phase boundary, as widely observed in other perovskite bi-
nary systems. A maximum value of 335 is found for
x¼ 0.675. This must be compared with a crystal permittivity
of 350 for MPB Pb(Zr,Ti)O3 ceramics, which is raised up to
1200 by domain wall contributions.38 Even higher figures
above 5000 are found for relaxor-based systems like
Pb(Mg1/3Nb2/3)O3-PbTiO3,
39 though this very-high polariz-
ability is a consequence of the distinctive hierarchical do-
main configuration presented by these materials at different
scales.40 Polarizability of BiFeO3-PbTiO3, thus, must be bet-
ter compared with that of Pb(Zr,Ti)O3, and indeed figures
are quite close to those of the intrinsic permittivity. This
might suggest a strongly reduced, if any contribution of do-
main walls. We will come back to this point later on.
The evolution of the ferroelectric parameters can be also
discussed. Remnant polarization PR as a function of maxi-
mum electric field for materials from x¼ 1 down to 0.675
are shown in Fig. 9(a). Note that saturation is approached in
all cases but for x¼ 1. This is better seen in the derivative of
the curves, displayed in Fig. 9(b) and that shows well defined
maxima but for the latter case. Their position can be taken as
a measurement of the coercive field EC that would then
decrease from 12 kV mm1 for x¼ 0.9, down to 8 and 5 kV
mm1 for x¼ 0.8 and 0.7, respectively. Saturation being
reached allows some insight into the evolution of the electri-
cal polarization to be gained. Remnant (equal to spontane-
ous) polarizations of 46 and 45 lC cm2 are obtained for
x¼ 0.9 and 0.8, respectively, that were proposed to be at the
rhombohedral and monoclinic sides of the R3c-Cc boundary.
Spontaneous polarization thus does not significantly change
across it. However, coercive field drops from 12 down to
8 kV mm1, which suggests a deep modification of the do-
main configuration accompanying the transition.
The electrical polarization does decrease with x within
the monoclinic phase along with the coercive field, down to
PR and EC values of 36lC cm
2 and 5 kV mm1, respec-
tively. Beyond this x and entering the MPB, PR raises up to a
very large value of 63 lC cm2 for x¼ 0.675, while EC stays
at 4.5 kV mm1. On one hand, PR was decreasing with x in
the monoclinic phase region on approaching the MPB, so an
increase of the spontaneous polarization of the monoclinic
polymorphs at the MPB cannot be expected. On the other
hand, though the ultrahigh crystal cell distortion of the tet-
ragonal phases at the MPB, c/a 1.18 for x¼ 0.31,16 must
have associated a very large polarization, coercive field
should be also very high, comparable or even higher than the
one found for rhombohedral 0.9 BiFeO3-0.1PbTiO3 phase,
12 kVmm1. Therefore, one has to accept that this extremely
large remnant polarization is a MPB phenomena, most prob-
ably associated with a reversible monoclinic to tetragonal
phase transition under cycling at high field. Indeed, a very
high phase-change electromechanical response has been
recently reported for 0.675 BiFeO30.325 PbTiO3.25 A
threshold field of 1.1 kVmm1 was reported at 420K that
decreased with temperature, which is consistent with a value
of 4.5 kVmm1 at room temperature.
Note that this polarization figure is for a ceramic, so the
spontaneous polarization must be significantly higher. Its cal-
culation from the remnant polarization requires knowledge of
the actual switching mechanism, usually of whether nuclea-
tion and growth of non-180 ferroelectric domains contribute
to the process, though the occurrence of phase-change phe-
nomena in this case complicates the problem. As a reference,
and by simple geometry arguments, the spontaneous polariza-
tion is two times the saturation polarization if only 180
domain reversal contributes to ferroelectric switching. This
would mean a polarization of 120lCcm2, even larger
than that of BiFeO3.
5 MPB BiFeO3-PbTiO3 is thus a very
FIG. 9. (a) Remnant polarization as a function of maximum driving field for
x BiFeO3-(1x) PbTiO3 ceramics across the multiferroic morphotropic
phase boundary, as determined from compensated ferroelectric hysteresis
loops, (b) derivatives of (a).
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high spontaneous polarization material comparable to
BiFeO3, but with a significantly smaller coercive field. This
makes this material extremely interesting for non-volatile fer-
roelectric random access memories.
The comparatively low Ec also facilitated poling in ce-
ramic form,25 and allowed piezoelectric coefficients to be
obtained along the perovskite solid solution. The Landau-
Devonshire phenomenological theory shows the piezoelectric
coefficient to be proportional to the dielectric permittivity
(times the polarization), and indeed an increase towards the
MPB was found. Values for all compositions are provided
in Table I, along with permittivity and polarization ones.
A maximum d33 of 87 pC N
1 was obtained for x ¼ 0.675
that must be again compared with that of Pb(Zr;Ti)O3 at the
MPB. A crystal piezoelectric coefficient of 80 pC N1 has
been reported that is raised up to 245 pC N1 by non180
domain wall contributions.38 Once again, and like the permit-
tivity and ferroelectric hysteresis loops results, this indicates a
strongly hindered domain wall mobility, and specifically the
very low, if any, wall contribution, either 180 or non-180, to
the material linear coefficients as a distinctive feature of the
BiFeO3-PbTiO3 system.
Even more relevant, results also show that the lattice
transverse softening,41 responsible of the high piezoelectric
response of MPB Pb(Zr,Ti)O3, Pb(Mg1/3Nb2/3)O3-PbTiO3
and Pb(Zn1/3Nb2/3)O3-PbTiO3, also takes place at the
Cc-P4mm boundary of BiFeO3-PbTiO3. Note that MPB
BiFeO3-PbTiO3 presents a d33 coefficient of 87 pC N
1 free
of domain wall contributions, and so a field induced strain
with hardly hysteresis,25 and a TC above 873K. This electro-
mechanical response is significantly better than that of
Aurivillius phases currently used for electromechanical
transduction above 673K.42
Linked to the lattice transverse instability, phase-change
phenomena under high field have also been described. This
takes place in a magnetic system, as previously reported and
confirmed by our own results. The magnetization behaviour
of 0.675 BiFeO30.325PbTiO3 is given in Fig. 10. Note the
presence of two successive magnetic anomalies at 200 and
380K, above which the system still shows a significant mag-
netization (Fig. 10(a)). This indicates an ordering tempera-
ture above our measuring range. Neel temperatures well
above 400K have been reported for monoclinic phases next
to the MPB.15,23 Therefore, the observed maximum at 380K
must be the spin reorientation transition previously described
for monoclinic x BiFeO3 - (1x) PbTiO3 with x ¼ 0.75 and
0.73, and that took place at 370 and 367K, respectively, in
these cases.23 It is remarkable the divergence of the ZFC and
FC magnetizations below the reorientation transition that
indicates the appearance of a small ferromagnetic compo-
nent; most probably due to a magnetoelectric-coupling-in-
duced spin canting like that described for BiFeO3. Indeed the
room temperature magnetization loops show a tiny remnant
magnetization of 0.01 emu g1 (Fig. 10(b)). This is smaller
than that reported for Bi0.7Ba0.3FeO3, but measurable. The
Neel temperature of the tetragonal polymorphs has been
reported to be placed below room temperature.15,22 Indeed,
an anomaly is found at 200K that is likely associated with
this phase; recall that phase coexistence existed for this
specific composition (see Fig. 1). Back to phase-change phe-
nomena, the switching of a tiny but distinctive magnetization
off and on can be anticipated during the reversible mono-
clinic to tetragonal transition under the electric field.
V. SUMMARYAND CONCLUSIONS
High quality ceramic materials, suitable for electrical
characterization, have been processed along the perovskite
BiFeO3-PbTiO3 solid solution, across its multiferroic mor-
photropic phase boundary and until to the tetragonal field of
the phase diagram. A series of materials with tailored conduc-
tivity and microstructure was obtained, which enabled the
electrical and electromechanical properties; all the tempera-
ture dependence of permittivity, ferroelectric hysteresis loops,
and piezoelectric coefficients to be obtained across the sys-
tem, along with their discussion in relation to the previously
reported perovskite structural evolution. High remnant polar-
izations, but also very high coercive fields are found for all
rhombohedral and monoclinic phases, which indicate the hin-
drance to domain wall movement. This is also indicated by
FIG. 10. Magnetic behavior of BiFeO3-PbTiO3 ceramics at the core of the
MPB: (a) temperature dependence of magnetization (under a 500Oe field)
and (b) room temperature magnetic loop.
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the negligible wall contributions to the material linear coeffi-
cients, both to the dielectric permittivity and the piezoelectric
coefficient. Nevertheless, a significant enhancement of these
material linear coefficients is found at the morphotropic phase
boundary, up to e33 and d33 figures of 335eo and 87 pC N
1
that are comparable to the crystal ones of Pb(Zr,Ti)O3
ceramics. This strongly suggests lattice transverse softening,
responsible of the enhanced piezoelectric response of
Pb(Zr,Ti)O3 to also take place in the multiferroic system.
Moreover, high field phase-change phenomena are also
observed in this region, which results in a remnant polariza-
tion as high as 63lCcm2 and a comparatively low coercive
field of 4.5 kV mm1. Strong magnetoelectric responses can
be anticipated, associated with the monoclinic to tetragonal
phase transition under the electric field.
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